The Wilms' tumour 1 (WT1) gene originally identified as a tumour suppressor associated with WTs encodes a zinc finger-containing transcription factor that is expressed in multiple tissues and is an important regulator of cellular and organ growth, proliferation, development, migration and survival. However, there is a deficiency of data regarding the expression and function of WT1 during oocyte maturation and preimplantation embryonic development. Herein, we sought to define the expression characteristics and functions of WT1 during oocyte maturation and preimplantation embryonic development in pigs. We show that WT1 is expressed in porcine oocytes and at all preimplantation stages in embryos generated by ICSI. We then evaluated the effects of down-regulating WT1 expression at germinal vesicle and early ICSI stages using a recombinant plasmid (pGLV3-WT1-shRNA). Down-regulation of WT1 did not affect oocyte maturation but significantly decreased preimplantation embryonic development and increased apoptosis in blastocysts. These results indicate that WT1 plays important roles in the development of porcine preimplantation embryos.
Introduction
The Wilms' tumour (WT1) gene was first identified in 1990 as a tumour suppressor associated with WTs (Call et al. 1990 , Gessler et al. 1990 ). The initial research on the function of the WT1 protein revealed that it is involved in cellular and organ growth, proliferation, development, migration and survival (Algar et al. 1996 , Moore et al. 1999 . WT1 encodes a zinc finger nuclear transcriptional factor that is expressed during the development of several organs, including the gonads, kidney, spleen and heart (Hohenstein & Hastie 2006) . In adult reproductive organs, WT1 expression has been detected in Sertoli cells of the testes and granulosa cells of ovarian follicles . WT1 is also expressed in the nucleoli of Xenopus and marsupial oocytes (Ladomery et al. 2003 , Pask et al. 2007 ). Wt1-deficient mice die pre-or perinatally (Herzer et al. 1999) , and the development of the gonadal ridge is abnormal in Wt1-deficient animals (Gao et al. 2005) . The importance of Wt1 during embryonic development was also demonstrated by the failure of mice with targeted disruptions of Wt1 to form kidneys or gonadal tissue (Kreidberg et al. 1993) . In situ hybridisation and northern blot studies using human embryos have demonstrated that WT1 is expressed in the differentiating stem cells of the kidney and in the mesonephros, mesothelium and developing gonads. Wt1 is also expressed during the development of tissues in which the mesenchymal-to-epithelial transition occurs (Pritchard-Jones et al. 1990 , Armstrong et al. 1993 . Based on these findings, it is possible that WT1 might function more broadly than previously thought, indicating a need for detailed information on WT1 expression and function during the development of preimplantation stage embryos.
Recent developmental biology studies have focused on the potential role of Wt1 in the regulation of follicular growth. In rats and mice, Wt1 is expressed in granulosa cells of primordial, primary and secondary follicles, with expression diminishing throughout follicular development , Hsu et al. 1995 , Logan et al. 2003 . Hsu et al. (1995) reported that one possible role for WT1 is to inhibit the differentiation of immature follicles. Our previous work indicated that downregulation of WT1 directly leads to premature apoptosis as well as changes in SF1, SOX9 and GDNF gene expression in porcine kidney fibroblasts and swine testis cells .
Although most studies have reported that WT1 is strongly expressed in ovarian follicles and regulates the size of ovary and the number of developing follicles (Logan et al. 2003 , Gao et al. 2014 , few researchers have investigated its expression characteristics and biological functions during preimplantation embryonic development. Herein, we examined the possibility of an earlier role for WT1 in controlling cell fate decisions using shRNAs that block the WT1 mRNA present during the preimplantation period. We evaluated WT1 mRNA expression and WT1 protein localisation in preimplantation embryos and determined how this gene contributes to early embryonic development. This study thus provides new information on early embryogenesis that is relevant for future developmental biology studies.
Materials and methods

Chemicals
All chemicals were purchased from Sigma-Aldrich Chemical Company unless stated otherwise.
Animal care
All animal experiments in this study were performed in accordance with the guidelines on animal care and use established by the Jilin University Animal Care and Use Committee (Approval ID: 20101008-2).
Oocyte collection and in vitro maturation
Porcine ovaries were collected at a local commercial abattoir and transported to the laboratory within 2 h in sterile saline maintained at 35-38.5 8C. The ovaries were washed three times in sterile saline (38.5 8C). Follicular fluid and cumulus oocyte complexes (COCs) were aspirated from 2 to 8 mm antral follicles with a 10 ml disposable syringe and an 18-gauge needle and expelled into sterile Petri dishes (9 cm diameter) kept at 38.5 8C. COCs with more than three layers of intact and compact cumulus cells were selected, washed three times in manipulation fluid (TCM199 supplemented with 0.1% polyvinyl alcohol) and cultured in in vitro maturation (IVM) media (Liu et al. 2012) . A group of w30 COCs were cultured in a 100 ml drop of maturation media for 42-44 h at 38.5 8C in an atmosphere of 5% CO 2 and saturated humidity. All maturation media drops containing oocytes were covered with mineral oil and incubated in pre-equilibrated culture medium.
Spermatozoa preparation
Fresh semen was supplied by the Jilin University Pig Farm (Changchun, China) and stored at 17 8C. The semen sample was pre-treated using a Percoll gradient. For preparation of 45 and 90% (vol/vol) Percoll, 2 ml of 45% Percoll was placed on top of 90% Percoll in a 12 ml conical centrifuge tube. Then, 0.5 ml of diluted semen were added gently and centrifuged at 700 g for 30 min to retrieve live and motile spermatozoa (Matas et al. 2011) . Pooled sperm-rich fractions were washed with Tyrode's Albumin Lactate Pyruvate media by centrifugation at 100 g for 10 min. The second sperm pellet was resuspended in Dulbecco's PBS (DPBS) supplemented with 10% BSA to give a final concentration of 5!10 5 cells/ml.
ICSI
Porcine oocytes were denuded of cumulus cells by repeated pipetting after maturation culture for 44 h. Denuded oocytes were washed three times in supplemented DPBS and transferred to drops of ICSI holding medium (DPBS supplemented with 10% BSA). Immediately before injection, 5 ml of sperm suspension were mixed thoroughly with an equal volume of 10% polyvinyl pyrrolidone (PVP) solution. Metaphase II (MII) oocytes with a visible first polar body were selected for this experiment. Before ICSI, oocytes were loaded in 5 ml microinjection drops placed on a lid of a 100!20 mm Petri dish (one oocyte per drop). A total of ten micro-drops containing MII oocytes were placed in each lid surrounding central sperm drop with occasional minor modifications. The micro-drops were covered with mineral oil. Motile spermatozoa with normal morphology were selected from the edge of the sperm-containing droplet. The tail of each spermatozoon was removed by a pulse of Piezo (GarciaRosello et al. 2006a) . The head of the spermatozoon was then aspirated into an injection pipette with 8 mm inner diameter as described previously (Kurome et al. 2007) . A single oocyte was immobilised using a holding pipette and held with its polar body at either the 6 or 12 o'clock position (Garcia-Rosello et al. 2006b ). A sperm head was then injected into the cytoplasm at the 3 o'clock position using a Piezo-actuated microinjector (PMM-150FU; Prime Tech, Tsuchiura, Japan) and micromanipulators (MO-102, Narishige, Tokyo, Japan). The temperature was maintained at 38.5 8C throughout all micromanipulation processes using a heated microscopic stage.
Plasmid construction
Four different WT1 shRNAs and a negative control shRNA were designed and cloned into the pgpu6/GFP/Neo plasmid (GenePharma Co. Ltd, Shanghai, China) as described previously . To assess their knockdown efficiency, the four plasmids were transfected into porcine kidney fibroblasts. At 48 h after transfection, total RNA was extracted from the cells and the products of the four plasmids were analysed by RT-PCR and using the Gel-Pro Analyzer Software 4.0 (MediaCybernetics, Rockville, MD, USA). The most efficient shRNA was selected and cloned into the pGLV3-H1-GFP-Puro lentiviral vector (GenePharma Co. Ltd). The cloned plasmid was named pGLV3-WT1-shRNA, and pGLV3-Nc-shRNA was used as the control vector. performed based on a modified perivitelline space injection (PSI) method used to produce transgenic embryos (Tessanne et al. 2012) . High-titre lentiviral particles (O1!10 9 infections units/ml) were used to microinject embryos for both the pGLV3-WT1-shRNA group and the pGLV3-Nc-shRNA group. Microinjection of recombinant lentiviral particles beneath the zona pellucida was performed after 3 h of zygote recovery. PSI was performed with a micropipette, using a steady flow into the perivitelline space for 20-30 s/embryo, thus the perivitelline space could be filled with lentiviral particles. Embryos were then washed three times with PZM3 medium and cultured in the same medium (20 embryos/100 ml) at 38.5 8C in an atmosphere of 5% CO 2 .
Preparation of porcine granulosa cells and cumulusfree oocytes and co-culture of denuded oocytes with granulosa cells
Cumulus cells of germinal vesicle (GV) stage COCs were removed by gentle pipetting in manipulation media supplemented with 0.1% hyaluronidase for 15 min. The denuded oocytes were then transferred into maturation media drops, and PSI was performed using the same manipulation described above. After microinjection, the oocytes were washed three times with maturation media and incubated with granulosa cells collected from GV stage oocytes as described previously (Zhang et al. 2010 ) with minor modifications. The cells were pelleted by centrifugation at 200 g for 5 min at room temperature, washed twice in PBS and then resuspended in somatic cell culture medium (DMEM supplemented with 15% foetal bovine serum) to yield a suspension of 3!10 5 cells/ml. Then, 1 ml of the cell suspension was plated in each well of a 24-well plastic plate (Corning, One Riverfront Plaza, NY, USA) and cultured at 38.5 8C in a humidified atmosphere of 5% CO 2 . When the granulosa cells grew to w80% confluence, the medium was replaced with 1 ml maturation media. After 3 h of equilibration in a 5% CO 2 incubator, denuded porcine oocytes were placed in a four-well plate (Corning; 80-100 oocytes/well) and co-cultured at 38.5 8C in 5% CO 2 for 44 h until the oocytes got to MII stage.
Measurement of intracellular glutathione content
Intracellular glutathione (GSH) levels were measured with the GSH Assay Kit (Beyotime, The Institute of Biotech, S0052, Shanghai, China) following the manufacturer's instructions.
Each sample was composed of 50 oocytes and three samples were assayed for each treatment. Briefly, denuded oocytes were washed three times in PBS in a 1.5 ml centrifuge tube. Then, 5 ml of 0.2 M sodium phosphate buffer containing 10 mM Na 2 -EDTA (pHZ7.2) and 5 ml of 1.25 M phosphoric acid (H 3 PO 4 ) were added to the samples, which were then vortexed thoroughly, frozen at K80 8C and thawed at 37 8C. This procedure was repeated at least three times to lyse the oocytes. The samples were then removed and placed on ice for 5 min, centrifuged at 8000 g for 10 min at 4 8C and stored at K80 8C. The intracellular content of GSH content was determined by the dithionitrobenzoic acid-glutathione disulphide reductase recycling assay, according to the methods described previously (Bijttebier et al. 2008 ) with minor modifications. Briefly, 175 ml of sodium phosphate buffer containing 0.33 mg/ml NADH phosphate, 25 ml of 6 mM DTNB0 and 40 ml of water were added to each sample tube and mixed. After the mixture was equilibrated at 25 8C for 15 min, the assay was initiated with the addition of 5 ml of 125 IU glutathione disulphide reductase. The absorbance was measured four times at 30 s intervals at a wavelength of 415 nm using a spectrophotometer (DU7500; Beckman Coulter, Fullerton, CA, USA). GSH standards and a blank sample lacking GSH were assayed at the same time. The GSH content per oocyte was calculated by dividing the total content per sample by the number of oocytes present in the sample.
RNA isolation, RT and quantitative real-time PCR
Total RNA was extracted from 50 pre-implantation embryos from the treated and control groups at different developmental stages using the RNeasy Micro Kit (74004, Qiagen) according to the manufacturer's recommendations. cDNA was synthesised using oligo (dT) primers and the PrimeScript First strand cDNA synthesis kit (D6110, TaKara) following the manufacturer's instructions. mRNA levels were determined using SYBR Green RT-PCR assays. SYBR Premix Ex Taq reagents (DRR041, TaKara, Shiga, Tokyo, Japan) were used for monitoring amplification. Reaction conditions and the temperature profile of the PCR were specified by the manufacturer. Quantitative real-time PCR was performed on an ABI Step Two Real-Time 7500 PCR system (Applied Biosystems). Primers were designed using the online Primer3 Software (Whitehead Institute for Biomedical Research). All primers are given in Table 1 . Samples were denatured at 95 8C for 1 min and then subjected to 40 cycles of amplification 
Immunofluorescence staining
Porcine oocytes and embryos with zona pellucida were digested by treatment with 0.5% Proteinase (Pronase) in PZM3 at 38.5 8C for 5 min. Zona pellucida-free oocytes and embryos of all groups were fixed with 4% paraformaldehyde in PBS (pHZ7.4) for 30 min, permeabilised for 40 min with 0.3% Triton X-100 in PBS and blocked in a blocking solution (PBS supplemented with 3% BSA) for 30 min at room temperature. Samples were then incubated with the primary antibody (rabbit polyclonal WT1; 1:200, Abcam (Cambridge, UK), ad96792) diluted in PBS containing 1% BSA overnight at 4 8C. Oocytes and embryos were then washed three times in PBS containing 0.3% PVP and transferred into the appropriate secondary antibodies rhodamine-conjugated goat anti-rabbit IgG (1:500, Millipore (Billerica, MA, USA), AP307R) or FITC-conjugated goat anti-rabbit IgG (1:500, Millipore, 12-507) at 37 8C for 3 h. After washing three times in PBS containing 0.3% PVP, nuclei were stained with Hoechst 33342 (10 mg/ml in PBS) for 10 min. Finally, samples were mounted onto slides and coverslipped with FluorSave. Negative controls were determined by processing samples as described above in the absence of primary antibody. All steps involving fluorescence were carried out in the dark. Samples were observed under a confocal laserscanning microscope (Olympus Fv100). All images were scanned at the same laser power and recorded digitally with a high-resolution CCD camera. At least five embryos at every developmental stage were processed for each experiment, and the experiments were repeated three times.
Apoptosis assays
TUNEL apoptosis assays were carried out with the fluoresceinconjugated In Situ Cell Death Detection Kit (11684817910, Roche) according to the manufacturer's instructions. After removing zonae pellucidae by treatment with 0.5% Proteinase in PBS, day 5 blastocysts were fixed in 4% paraformaldehyde, permeabilised in 0.3% Triton X-100, washed three times in PBS containing 0.3% PVP and incubated with the TUNEL solution in the dark for 1 h at 37 8C. Negative control embryos were incubated with fluorescein-conjugated dUTP. Positive control embryos were incubated in DNase (Roche) for w20 min at 37 8C. After TUNEL labelling, the embryos were washed three times in PBS containing 0.3% PVP. Nuclei were stained for 10 min with Hoechst 33342, and the samples were mounted between a cover slip and a glass slide and examined by confocal microscopy.
Trypan blue viability assay
To evaluate the lethality phenotype associated with pGLV3-WT1-shRNA lentiviral particle microinjection, on day 4, embryos from the WT1-shRNA, Nc-shRNA and non-microinjected groups were incubated in 0.4% Trypan blue solution diluted 1:9 in PZM3 at room temperature for 10 min. The embryos were then assessed by bright-field microscopy. Blue-stained cells were considered non-viable.
Statistical analysis
The data were analysed using SPSS (Statistics Production for Service Solution, version 16.0) by one-way ANOVA. Each result is expressed as meansGS.E.M. of triplicate data obtained from three or more experiments. Comparisons of mean values between control and treated groups were performed using Tukey's multiple comparison tests. Differences with P!0.05 or P!0.01 were considered statistically significant and extremely significant respectively.
Results
Expression of WT1 in oocytes and preimplantation embryos
Temporal and spatial WT1 protein expression patterns were examined in oocytes and preimplantation embryos by immunofluorescence (Fig. 1A) . WT1 was expressed in both oocytes and early embryos at all developmental stages and was located in both the nucleus and cytoplasm. Quantitative real-time PCR results showed that in oocytes the WT1 mRNA level was lower at MII stage than at GV stage (Fig. 1B) . In preimplantation embryos, WT1 mRNA expression gradually increased from two-cell to morula stages. WT1 mRNA expression was also lower at two-cell stage compared with the eight-cell and morula stages. The WT1 mRNA level peaked at the eight-cell and morula stages and then declined at the blastocyst stage (Fig. 1C) .
WT1 down-regulation did not affect oocyte maturation
The effect of WT1 depletion on early porcine oocyte maturation was performed by introducing WT1-shRNA lentiviral particles into GV stage oocytes. GV stage cumulus-free oocytes were injected into the perivitelline space with one of the two lentiviral particles (pGLV3-WT1-shRNA and pGLV3-Nc-shRNA) and co-cultured with granulosa cells for 44 h. To evaluate the efficiency of the WT1 knockdown, WT1 expression was examined by quantitative real-time PCR. At the MII stage, WT1 expression was decreased in the WT1-shRNA-microinjected oocytes compared with control oocytes ( Fig. 2A and B) . The number of mature oocytes (MII stage) was recorded according to the presence of a visible first polar body (Table 2) . Down-regulation of WT1 had no effect on oocyte maturation. GSH levels can also be used as an indicator of cytoplasmic maturation in porcine oocytes (Table 2) . We found that GSH levels were not different between oocytes microinjected with pGLV3-WT1-shRNA and controls (non-microinjected and Nc-shRNA).
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WT1 down-regulation in zygotes leads to early embryonic arrest
To further evaluate the function of WT1 in porcine preimplantation embryonic development, pGLV3-WT1-shRNA was microinjected into zygotes. The embryos were cultured and collected on days 1 and 5, at the twocell and blastocyst stages respectively. The per cent cleavage of in vitro cultured embryos on day 1 did not differ between the control and treated groups (Fig. 3A) . On day 5, 59.2 and 56.5% of the ICSI embryos from the control and Nc-shRNA groups had reached the blastocyst stage respectively. However, in the WT1-shRNA lentiviral particle-microinjected group, only 9.2% of the embryos had reached the blastocyst stage by day 5 (P!0.01 compared with controls; Fig. 3B and C) . Most of the WT1-shRNA lentiviral particle-microinjected embryos were arrested at the eight-cell (28.0%) or morula stage (32.2%). By contrast, embryos in the nonmicroinjected and Nc-shRNA-microinjected control groups were arrested at the eight-cell stage at rates of 7.6 and 11.6%, respectively, and at the morula stage at rates of 5.5 and 5.0% (Fig. 3C) . A Trypan blue (T6146, Sigma-Aldrich) uptake assay was performed on day 4 embryos to examine the lethality phenotype associated with WT1-shRNA lentiviral particle microinjection ( Fig. 3D and E) . Approximately 84% of the WT1-shRNA lentiviral particle-microinjected embryos contained some necrotic (blue-stained) cells. WT1 mRNA and protein levels were assessed by quantitative real-time PCR and immunofluorescence at each preimplantation embryonic stage. WT1 transcript levels were measured by quantitative real-time PCR on preimplantation embryos from all groups. Compared with non-microinjected and Nc-shRNA lentiviral particle-microinjected groups, WT1 levels in the WT1-shRNA lentiviral particle-microinjected group were decreased ( Fig. 4A and B) . To confirm the aforementioned results, WT1 protein level was examined by immunofluorescence staining. Both the non-microinjected and the Nc-shRNA lentiviral particle-microinjected control groups showed strong staining for WT1, particularly at the eight-cell and morula stages (Fig. 4C) . By contrast, the embryos in the WT1-shRNA lentiviral particle-microinjected group showed extremely faint WT1 staining that continued until the blastocyst stage (Fig. 4C) . Porcine kidney fibroblasts were used as a positive control for WT1 immunofluorescence staining ( Supplementary Fig. 1A , see section on supplementary data given at the end of this article); preimplantation embryos of all developmental stages that only stained with a secondary antibody were used as negative controls (Supplementary Fig. 1B ).
WT1 down-regulation induced apoptosis in preimplantation embryos
To determine whether WT1 knockdown influenced ICSI embryonic development, which is primarily reflected by blastocyst quality, the number of apoptotic cells was estimated by a TUNEL assay performed on day 5. As shown in Fig. 5A and B, the number of apoptotic cells in WT1-shRNA blastocysts was higher than that of nonmicroinjected and Nc-shRNA lentiviral particle-microinjected embryos. However, in a morphology comparison, the total number of cells per blastocyst did not differ among the three groups (Fig. 5C) .
Anti-apoptotic gene BCL2 mRNA level was examined using quantitative real-time PCR at various developmental stages among non-microinjected, Nc-shRNA and WT1-shRNA lentiviral particle-microinjected groups. The WT1-shRNA lentiviral particle-microinjected group showed a lower BCL2 mRNA level at every developmental stage than controls (non-microinjected and Nc-shRNA; Fig. 5D ).
Discussion
The WT1 gene first identified in 1990 encodes a zinc finger protein that functions as a tumour suppressor and plays important roles in the development of the urogenital system and several other tissues (Call et al. 1990 , Gessler et al. 1990 , Rivera & Haber 2005 . WT1 may also play a role in follicular growth (Logan et al. 2003) . We previously found that WT1 is essential for the development and survival of porcine kidney fibroblasts and testis cells, as its down-regulation increased apoptosis and affected the expression of several survival genes . Herein, we further report that WT1 is also expressed in oocytes and preimplantation embryos, suggesting a potential important function in early embryonic development.
Previous studies have suggested that WT1 is primarily localised to the nucleus in cancer cells (Menssen et al. 2000 , Caballero et al. 2001 . However, Silberstein et al. (1997) noted that WT1 is distributed in the cytoplasm but not nuclei in some human breast cancers and suggested that such localisation may be regulated by alternative 382 F Gao, J Guan and others splicing of WT1 mRNA. Extensive evidence has accumulated indicating that WT1 acts as a complex, multifunctional nuclear protein involved in at least two levels of gene expression regulation: RNA transcription and processing (Niksic et al. 2004 ). WT1 has also been shown to undergo nucleocytoplasmic shuttling (Vajjhala et al. 2003) , as predicted by Ye et al. (1996) . Researchers have also reported that WT1 may be retained in the cytoplasm after being phosphorylated, thereby preventing nuclear events related to DNA binding and RNA transcription (Takahara et al. 2011) . Our results showed that WT1 protein was expressed in porcine oocytes and early ICSI embryos at all developmental stages examined and was located in both the nucleus and cytoplasm. In ovaries, both granular and epithelial cells show high levels of WT1 expression . Logan et al. (2003) reported that in antral follicles, WT1 may prevent premature differentiation of somatic follicle cells during early follicular growth. WT1 is also expressed in the nucleolus in Xenopus and marsupial oocytes (Ladomery et al. 2003 , Pask et al. 2007 ). We thus speculated that WT1 would be expressed in porcine oocytes and might play an important role in porcine oocyte maturation. Our results from immunofluorescence and quantitative real-time PCR analysis in oocytes indicate that WT1 mRNA and protein are expressed at both the GV and MII stages. We then evaluated WT1 function by infecting GV stage oocytes with pGLV3-WT1-shRNA lentiviral particles and examining oocyte quality and rate of maturation. Oocyte quality is one of the most critical factors determining viability in vitro and developmental competence in in vitro-produced embryos. GSH is produced in porcine oocytes during the maturation process (Yoshida et al. 1993) , and intraoocyte GSH levels are considered an important indicator of cytoplasmic maturation. Interestingly, we found no difference between the treated and control groups in either oocyte maturation rates or GSH levels in IVM porcine oocytes. We observed that WT1-down-regulated oocytes were able to undergo normal maturation, reach Figure 3 Assessment of cleavage and development of early embryos. (A) WT1-shRNA lentiviral particle microinjection had no effect on the cleavage of preimplantation embryos on day 1; (B) WT1-shRNA lentiviral particle microinjection blocked the development of preimplantation embryos. Phase-contrast images of non-microinjected, Nc-shRNA and WT1-shRNA lentiviral particle-microinjected embryos on day 5. Scale bars: 100 mm; (C) Percentages of embryos at the indicated stages in the three groups after culture to day 5; (D) Trypan blue uptake assay for preimplantation embryos. Presence of non-viable (blue) cells in WT1-shRNA lentiviral particle-microinjected embryos at day 4. Scale bars: 100 mm; (E) Percentage of non-microinjected, Nc-shRNA and WT1-shRNA lentiviral particle-microinjected embryos showing Trypan blue uptake on day 4. Values are expressed as meanGS.D. from three independent experiments. **P!0.01. the MII stage from the GV stage and emit the first polar body. Thus, there are no indications that pGLV3-WT1-shRNA lentivirus-mediated down-regulation of WT1 mRNA in porcine oocytes has any effect on oocyte maturation. It has been reported that the rate of development to the blastocyst stage of IVF embryos is higher than that of ICSI embryos; however, the quality of IVF-derived blastocysts is not as good as that of ICSI-derived blastocysts (Park et al. 2005) . Li et al. (2013) reported that IVF might cause polyspermy, which can result in elevated expression of the proapoptosis gene BAX and loss of the anti-apoptosis gene BCL2L1 (BCLXL) in blastocysts. Given these factors, we chose to use ICSI embryos for our study. shRNA targeting gene technology has been widely used in scientific studies, including many related to livestock improvement (Long et al. 2010) . Herein, we constructed a pGLV3-WT1-shRNA lentiviral vector and used it to infect oocytes and ICSI preimplantation embryos. Most of the WT1-down-regulated embryos were arrested at the eight-cell or morula stages, though some were able to develop into blastocysts. These embryos showed lower levels of WT1 protein expression than observed in control groups. These findings indicated that the WT1 down-regulation was incomplete in these embryos, such that enough WT1 protein had accumulated by the eight-cell and morula stages to allow them to develop into blastocysts. To further determine the role of WT1 in eight-cell-and morulastage embryos, the Trypan blue method was used to examine the lethality phenotype of the WT1-shRNA group on day 4. Herein, we found that the blastomere became necrotic in a majority of the embryos. To address the specificity of WT1 knockdown, two developmentrelated genes SOX2 and POU5F1 (OCT4) mRNA levels have been examined. We have found that at all Figure 4 WT1 expression at all preimplantation developmental stages in non-microinjected, Nc-shRNA and WT1-shRNA lentiviral particlemicroinjected embryos. (A) WT1 mRNA expression was assessed by conventional RT-PCR using GAPDH as a control; (B) relative expression of WT1 mRNA in preimplantation embryos as assessed by quantitative real-time PCR and (C) the effects of WT1-shRNA lentiviral particle microinjection on WT1 expression at preimplantation stages. Confocal images of control non-microinjected, control Nc-shRNA lentiviral particle-microinjected and WT1-shRNA lentiviral particle-microinjected embryos at every preimplantation developmental stage. Embryos were immunostained with a WT1 antibody (green), and the DNA was counterstained with Hoechst 33342 (blue). Scale bar: 50 mm. Each value represents meanGS.D. from three independent experiments. **P!0.01. preimplantation stages, SOX2 and POU5F1 mRNA expression level have no difference between WT1 down-regulation group and the control groups, which may minimise the possibility of the off-target effects (Supplementary Fig. 2A and B, see section on supplementary data given at the end of this article).
Infection with pGLV3-WT1-shRNA particles dramatically decreased WT1 expression at both the mRNA and protein levels. A small number of the WT1-downregulated embryos developed into blastocysts, though apoptosis assays showed that the number of apoptotic cells was increased in these embryos compared with controls. The lentiviral particle infection itself did not appear to increase apoptosis, and all ICSI embryos exhibited low levels of apoptosis. Therefore, the increased apoptosis observed in the WT1-downregulated embryos seems to be a specific effect. These findings indicate that down-regulation of WT1 might activate an apoptotic pathway. BCL2 is an anti-apoptotic protein (Kirkin et al. 2004) . Mayo et al. (1999) reported that WT1 has an anti-apoptotic function that may be related to increase BCL2 levels. Therefore, we examined the expression of BCL2 in this study. BCL2, as an antiapoptotic gene, has also been reported as a potential target of WT1 (Loeb 2006) and it is expressed in oocytes and embryos (Abazari-Kia et al. 2014) . We have found that the level of anti-apoptotic gene BCL2 was downregulated at every preimplantation stage of WT1 downregulated group, which suggests that the apoptosis induced by WT1 knockdown is mediated through BCL2 down-regulation. We have also previously found that BCL2 levels decreased as BAX levels increased in WT1-knockdown porcine testis cells . In this study, we report that WT1 mRNA and protein are present in porcine oocytes and at all preimplantation stages in ICSI embryos. Upon down-regulation of WT1, most early ICSI embryos were arrested at the eight-cell or morula stage. A small number of these embryos developed into blastocysts, though they presented a dramatically increased number of apoptotic cells. We thus reveal a major role for WT1 in preimplantation embryos that are essential for early embryonic development.
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